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The review is aimed to analyze the biochemical and immune-breaking adaptive mecha¬ 
nisms established in evolution of plant parasitic nematodes. Plant parasitic nematodes are 
obligate, biotrophic pathogens of numerous plant species. These organisms cause dramatic 
changes in the morphology and physiology of their hosts. The group of sedentary nemato¬ 
des which are among the most damaging plant-parasitic nematodes cause the formation of 
special organs called nematode feeding sites in the root tissue called syncytium (cyst nema¬ 
todes, CN; Heterodera and Globodera spp.) or giant cells (root-knot nematodes, RKN; Me- 
loidogyne spp.). The most pronounced morphological adaptations of nematodes for plant 
parasitism include a hollow, protrusible stylet (feeding spear) connected to three esophage¬ 
al gland cells that express products secreted into plant tissues through the stylet. 

Several gene products secreted by the nematode during parasitism have been identified. 
The current battery of candidate parasitism proteins secreted by nematodes to modify plant 
tissues for parasitism includes cell-wall-modifying enzymes, multiple regulators of host 
cell cycle and metabolism, proteins that can localize near the plant cell nucleus, potential 
suppressors of host defense, and mimics of plant molecules. Plants are usually able to re¬ 
cognize and react to parasites by activating various defense responses. When the response 
of the plant is too weak or too late, a successful infection (compatible interaction) will re¬ 
sult. A rapid and strong defense response (e. g. due to the presence of a resistance gene) 
will result in the resistant (incompatible) reaction. Defense responses include the producti¬ 
on of toxic oxygen radicals and systemic signaling compounds as well as the activation of 
defense genes that lead to the production of structural barriers or other toxins. 

Key words: plant-parasitic nematodes, sedentary parasites, nematode secretions, 
co-adaptation mechanisms, resistance. 
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OiiTonapa3iiTHHecKiie HeMaTO^w — o6jinraTHbie 6HOTopo<j>Hbie naToreHbi, nopaxcaiomiie mho- 
nie BHjo[bi pacTeHiifi. 3 tii opraHH3Mbi Bbi3breaioT pe3KHe H3MeHeHiia b Mop(j>ojionin ii (funiionornn 
cbohx X03^eB. Ce,qeHTapHbie HeMaTo^bi, KOTopbie othocatca k HHCJiy caMbix Bpe^oHOCHbix biijjob 
napa3HTHHecKiix HeMaTon, (j)opMiipyK)T b TKaH^x KopHfl cnennajibHbie CTpyioypbi, Ha3BaHHbie nirra- 
eoiuhmh cafiTaMH, — uiiCTOo6pa3yiomHe HeMaTO^bi (jiopMHpyiOT chhuhthh ( Heterodera h Globode- 
ra spp.), a rannoBbie (Meloidogyme spp.) — rnraHTCKHe kjictkh. OcHOBHbiMii Mop(J>ononi4ecKiiMii 
a^anTauimMii k napa3imi3My y (J>HTOHeMaTO,a ABJiaeTCfl cthjict, npiicnocoGneHHbiH jxsin npoHHKHo- 
Bemi^ nepe3 KJieTOHHyio CTeHKy pacTeHHfl, a Taioice xcejie3bi nmneBona (o^Ha ^opcajibHaa — ii 
^Be cyGBeHTpanbHbie — CB)K), ceKpeTbi KOTopwx BbineJi^ioTC)! b TKaHii pacTeHHH nepe3 CTiiJieT. 
OxapaKTepiooBaHO Gojibiuoe KOJinnecTBO reHOB, KOTopbie KO,zjiipyioT Gennii, Bbi^enaeMbie HeMaTo- 
j^aMii b TKaHii pacTeHHH, ii ycTaHOBneHa hx (jiyHKLjHJi. CeKpeTopHbie BbmeneHiui BKJiioHaioT b ceGa 
(J>epMeHTbi, MO,qii(}>iiuiipyKnniie KJieTKH xo3JiHHa, peryjurropbi KJieTOHHoro ijiiKJia ii MeTa6ojni3Ma, 
4>epMeHTbi, MHMiiKpiipyioiniie GenKii pacreHHH, a TaKxce GejiKii aaepHofi JioKajiinauim. PacTeHiia 
cnoco6Hbi pacno3HaBaTb ii peampoBaTb Ha napa3HTOB, aKTHBiipyji pa3JiHHHbie peaKuim 3ainiiTbi. 
He3HaHirrejibHafl hjih no3^H^^ peaiojiifl pacTeHHH Ha HeMaTon npimo^iiT k nopaxceHiiio pacTeHHH 
(COBMeCTIIMOe B3aiIMO^eHCTBIie). EbICTpblH H CIIJIbHblfl 3amiITHbIH OTBeT, KOTOpblH MO)KeT GbITb 
CBJoaH c npiicyTCTBiieM y pacTeHHH onpenejieHHbix reHOB, npimoniiT k ycTOHHimocTH (HecoBMec- 
TiiMoe B3a11 mo^ e hctb lie). 3amiiTHbiH otbct CBJi3aH c o6pa30BaHiieM TOKCiinecKiix Kiicnopo^Hbix pa- 
^HKanoB ii ciicTeMHbix ciirHanbHbix coe^HHeHHH, a TaKxce c aKTiiBauiieFi 3ainiiTHbix reHOB, npo^yK- 
Tbl KOTOpbIX npIIBO^OT C03,IjaHHK) CTpyKTypHbIX OapbepOB HJIII TOKCIIHeCKIIX COe^IIHeHIIH. 

Kjifoveebie cjioea : (J)HTonapa3HTHHecKHe HeMaTo^bi, ceneHTapHbie napa3HTbi, ceKpeuim HeMa- 
to jx, MexaHH3Mbi Koa^anTauim, ycTOHHHBOCTb, reHbi ycTOHHHBOcra. 


INTRODUCTION 

Nematodes are one of the most successful groups of animals; they are diver¬ 
se and abundant in almost all the soil, freshwater, and marine habitats. These 
small vermiform organisms occupy several trophic levels and play an important 
role in soil ecosystems. Among 20 000 known nematode species, approximately 
20 % (4000 species) are associated with plants. Any studied plant species, either 
cultivated or wild, is a host for plant parasitic nematodes (PPNs). 

The effects of a parasite on its host include mechanical damage, chemical in¬ 
fluence, and the use of host nutrient resources. Parasitism is a form of antago¬ 
nistic symbiosis of two heteronymic organisms forming a host- parasite system 
(HPS) in which one actor (parasite) puts on its host the regulation of mutual re¬ 
lations with the environment; the parasite feeds at its host’s expense and frequ¬ 
ently uses the latter as a shelter; the host does not benefit from the association 
and is often harmed by it causing host defense responses (Lebedev, 1995; Com¬ 
bes, 2005). Damage caused by a parasite is usually in the focus of attention in 
host- parasite relationships (HPRs). One of the main trends in the evolution of 
parasitism is to diminish the HPRs’ antagonism. It is very important for the pa¬ 
rasite not only to survive but also be able to complete its life cycle without seve¬ 
re damage to the host whose death leads to a destruction of the parasite itselfi 
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The host may either prevent the parasite entry or suppress the development of 
the penetrated parasite killing it by immune responses. The aim of our review is 
to analyze modem data on adaptive mechanisms established in the evolution of 
PPNs that used different organs and tissues of plant hosts. 

All PPNs are obligate parasites feeding exclusively on the contents of living 
plant cells. They are among the most damaging and uncontrollable pests of cul¬ 
tivated crops causing more than $US 100—125 billion economic losses in 
world agriculture (Bird, Kaloshian, 2003; Chitwood, 2003). 

Many of them are polyphagous, non-specific to the particular plant host spe¬ 
cies range parasites; the oligophagous and monophagous plant parasites occur 
as well. Depending on plant organs they prefer to use for feeding, they may be 
classified into the root, stem and leaf phytonematodes. Less frequently, nemato¬ 
des occur in flowers and fruits. Majority of PPNs attack roots, and, less often, 
other organs and tissues. Some PPNs are ectoparasites, living outside their 
hosts. These species cause severe root damage, some of them are important vec¬ 
tors of nepo- and tobraviruses (Brown et al., 1995). Other species feed inside ro¬ 
ots as migratory or sedentary endoparasites. 

The size of PPNs varies from 0.3 to 8 mm, mostly not exceeding 2 mm. The¬ 
ir bodies are always round in cross-section, non-segmented, threadlike or spind¬ 
le-shaped; less often, in sedentary or slow-moving species of nematodes the 
body is pear-shaped or spherical (root-knot nematodes of the family Meloidogy- 
nidae and cyst nematodes of the family Heteroderidae). In both root-knot and 
cyst nematodes adult males are vermiform. 

PPNs exhibit a high rate of motility and development of the trophic, repro¬ 
ductive, excretory, and nervous systems. Nematodes show the complex behavi¬ 
or during infection and fine host perception. As is typical of the phylum Nema- 
toda, they possess a central nervous system and anterior chemosensory organs 
called amphids. Chemosensory signals are important for nematode search of 
host roots and also for a choice of appropriate penetration site on the host root or 
stem, and initiation of specialized feeding site by the infective .juvenile (Perry, 
Moens, 2011). 

The presence of special structures (the stylet and pharyngeal secretory 
glands used in parasitic feeding) is a characteristic feature distinguishing PPNs 
from free-living soil inhabiting nematodes. The stylet is a 12—28 pm hollow 
and very fine structure. Its inner capillary is narrow; only liquid nutrients may 
pass through it into the nematode pharyngeal duct. The capillary lumen of the 
stylet ensures a sufficient suction force of the organ which works like a syringe. 
The key organs used by the nematode for feeding on the cell contents of plant 
tissues are three secretory glands of the pharynx: the dorsal gland (DG) located 
in the spinal part of the pharynx, and two subventral glands (SVG) at its sides. 
Each secretory gland is a single cell containing the large nucleus, the Golgi sys¬ 
tem, the endoplasmic reticulum, and secretory granules. The structure and func¬ 
tions of secretory glands have been analyzed in detail (Anderson, Byer, 1975; 
Endo, 1984; Hussey, 1989; Hussey, Mims, 1990; Hussey et al., 2002). 

Plant parasitic nematodes are migratory ectoparasites or endoparasites. Mig¬ 
ratory parasites move through the root intracellulary, causing massive cellular 
necrosis. The most economically important groups of nematodes are sedentary 
endoparasites which include the genera Heterodera and Globodera , and the ro¬ 
ot-knot nematodes of the genus Meloidogyne (Williams, Hussey, 1996). 
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STRUCTURAL FEATURES OF THE PLANT CELL RESPONSE 
TO SEDENTARY NEMATODES 

Sedentary nematodes cause characteristic formations on roots. Root-knot ne¬ 
matodes (RKNs, Meloidogyne spp.) induce galls or root-knots. Females of cyst 
nematodes (CNs, Heterodera spp. or Globodera spp.) at the final stage of their 
development transform themselves into dead cysts with infective juveniles en¬ 
capsulated in eggs inside of the cyst. In the genera Globodera, Heterodera, and 
Meloidogyne, the chromosomal sex determination is absent and the sex ratio 
may be environmentally influenced (Perry, Moens, 2011). Most cyst nematodes 
are amphimictic, i. e., their populations consist of both males and females which 
reproduce sexually. Additional species are classified by Triantaphyllou and Hir- 
schmann (1980) into groups apparently representing three independent lines of 
evolution toward parthenogenesis. In two of these lines, involving the H. trifolii 
species complex (H. galeopsidis, H. betae, and others) and H. sacchari, parthe¬ 
nogenesis is of the mitotic type. In the third line, represented by B. betulae, part¬ 
henogenesis is meiotic, this species being cytologically distinct from all others 
in the presence of the haploid chromosome number. In the root-knot nematodes 
(Meloidogyne spp.), adult males are rare and not required for reproduction. Ro¬ 
ot-knot nematodes exhibit a range of reproductive modes, including sexuality 
(amphimixis), facultative sexuality, meiotic parthenogenesis (automixis), and 
mitotic parthenogenesis (apomixis). Several of the most widespread and econo¬ 
mically important species of Meloidogyne ( M. incognita, M arenaria, M java- 
nica) are obligate mitotic parthenogens. 

According to their ontogenesis and morphogenesis, the sedentary nematodes 
are evolutionary advanced parasites. Both the CSs and RKNs have complex in¬ 
teractions with their hosts; their cycles, however, are different. Adaptations of 
sedentary nematodes to parasitic mode of life are so perfect, that their pest cont¬ 
rol is a very complicated task. The progress in understanding of nematode-plant 
interrelations affords evaluation of incomparable mode of mutual adaptations 
and dynamic equilibrium between the HPS partners (Perry, Moens, 2011). 

Sedentary nematodes have developed adaptive strategies associated with tran¬ 
sformations of normal host cells into metabolic active ones that provide nematode 
food requirements and do not affect plant metabolism in general. Infective para¬ 
site juveniles are responsible for the formation of modified host cells. Relationships 
between the sedentary nematode and the plant host develop in accordance with the 
parasite life cycle. After the first molting within the egg shell, the invasive second 
stage juvenile (J2) possessing well developed stylet, hatches from the egg shell. 
Only J2 of sedentary nematodes can infect plant roots. They penetrate the root tip 
just in front of the root cap, piercing epidermal cell surface with the stylet and 
releasing pharyngeal glands enzymes from the stylet tip. These enzymes cause cell 
wall degradation. After entering the root, larvae move towards the central cylinder 
(the stele). Juveniles of RKNs and CNs migrate differently: whereas RKN J2 mo¬ 
ves intercellularly, the cyst nematode J2 moves intracellularly causing much more da¬ 
mage to host tissues. Upon arrival in the final localization site, larvae position them¬ 
selves in parallel to the central cylinder (the stele), become motionless, and develop 
the nematode feeding site, NFS (Gheysen, Fenoll, 2002, Gheysen, Mitchum, 2008). 

Irrespective of the nematode-plant combination, the mechanism of NFS inducti¬ 
on is similar in the CNs and RKNs. Secretory discharge of nematodes induces for- 
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mation of special structures that ensure parasite feeding. In the RKN parasitism 
these are several giant cells, the structure of which develops during hypertrophy 
and anomalies of cell division. After J2 invasion, abnormal division of the NFS 
initial nurse cell results in numerous cytokinesis-free nucleic mitoses. The gene¬ 
ral characteristics of the giant cells are the following: they possess lobed and 
swollen nuclei that can be very numerous (up to 100); the nucleoli are enlarged; 
the cytoplasm is grained and electron dense; the vacuoles are small or missing; 
the walls are irregularly thickened with ingrowths inside the cell; the number of 
mitochondria and plastids highly increase. The cytoplasm is dense and grainy; it 
contains lipids, nucleic acids, and proteins, with protein content 10 times as 
much as the normal content. Cell membranes of giant cells were found to conta¬ 
in cellulose and pectin, but they contain no lignin and suberin; the cells contain 
no starch but numerous vacuoles. Plant cells, that surround the NFS, divide and 
swell causing root-knot formation. The emergence and development of ro¬ 
ot-knots are closely related to the life cycle of RKNs. 

Cyst nematodes (CNs) produce a syncytium which can include up to 200 cells. 
The cells surrounding the nematode are necrotized. The presence of local necro¬ 
ses near feeding sites is a characteristic sign of CNs location in the host root. 
Local necroses are results of mechanical cells’ damage caused by larvae motion 
through plant tissues. Parenchymal root cells adjacent to the parasite localizati¬ 
on are hypertrophied. They are larger than normal parenchymal cells. Alongside 
with the hypertrophy of the crust cells, their proliferation is observed. The peri- 
cycle cells also proliferate. Thus a syncytium is formed. 

The main purpose of induction of both RKN giant cells and CN syncytium is 
to provide the optimum conditions for nematode feeding and development. Du¬ 
ration of development of post-invaded J2 coincides with the duration of the NFS 
initiation. There are some assumptions about the J2-secreted signal molecules in 
the development of giant cells and syncytia. Nematode-induced nurse structures 
in plant tissues are analyzed in detail in several reviews (Gheysen, Fenoll, 2002; 
Gheysen, Mitchum, 2011; Vieira et al., 2012a, b; Kyndt et al., 2013). 

Upon the formation of the feeding site (giant cells or the syncytium), larvae 
molt thrice. Development of both RKNs and CNs includes a series of morpholo¬ 
gical changes: they grow in size and change the body shape: being initially ver¬ 
miform, later they become lemon-shaped or pear-shaped. The intestine is redu¬ 
ced, and ovaries with eggs are formed and enlarged within the body cavity. Du¬ 
ring feeding of the sedentary endoparasitic nematode, its pharyngeal DG 
secretion is irijected through the stylet into the host feeding cell cytoplasm via 
«the feeding tube». This tube is formed within the plant cell from the compo¬ 
unds secreted by DG, and acts as a particle filter to stop large ingested molecu¬ 
les that can clog the stylet hole. The crystalline feeding tube is the unique HPR 
adaptation unknown in other parasitic taxa. Study of these formations using flu¬ 
orescent inclusions showed that they let pass 20—40 kDa particles. The plasma- 
lemma remains intact at initial stages of nematode feeding. The nematode takes 
nutrients from the cytosol through small pores in the plasmalemmas produced in 
the place of their contact with the stylet hole. In the site where the edge of the 
stylet is immersed into the host modified cell, a plug formed of protein products 
secreted by amphids grows, and the parasite entry site becomes «sealed up». In¬ 
vestigation of the feeding processes of the cyst nematode Heterodera schachtii 
showed that the secretory proteins released by amphids in intercellular space 
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between the nematode head and cell wall fix (glue) the nematode head to the 
syncytium wall (Hussey, Mims, 1991; Hussey, Grundler, 1998; Davis et al., 2004). 

About one week after the final fourth molt, RKN female starts secreting ge¬ 
latinous matrix sac where it lays eggs. Eggs in the gelatinous matrix, which con¬ 
sists primarily of carbohydrate, may be partially protected by the presence of 
antimicrobial compounds such as chitinase and polyphenoloxidase. 

Reproduction of CNs always requires males; after fertilization, the eggs re¬ 
main inside the female, and their number increases with age. They gradually fill the 
entire body of the female. After death, the female turns into a cyst, a bag with 
eggs (Gheysen, Mitchum, 2011). In some species, when conditions are not favorab¬ 
le for plant growth and infection, eggs within the cyst are especially persistent. 
Under these conditions they can persist in soil for many years. The incidence of 
the diapause varies greatly among species and between populations of the same 
species from different climatic areas. In the absence of a host plant and biological 
antagonists, the combination of the diapause and quiescence enables Globodera 
rostochiensis to survive in soil for more than 20 years (Wright, Perry, 2006). 

Nematode invasion of roots and migration to their feeding sites results in 
root structure changes and significant reductions in nutrient and water uptake 
and consequent crop yields. The host-parasite relationship is governed by a 
complex network of interactions and in susceptible interactions there is a subtle 
interplay between parasite survival strategies and host defense mechanisms 
(Curtis, 2007a; Curtis, 2008). 


NEMATODE ADAPTATIONS TO PARASITISM 

Sedentary endoparasites are able to manipulate plant cell biology by injec¬ 
ting pharyngeal secretions. A great progress in analysing the nature and function 
of plant parasitic nematodes secretions, nowadays often referred to as effectors 
(Haegeman et al., 2012; Hewezi, Baum, 2013), was reached in 2000s years. Ho- 
genhout et al. (2009) define effectors as «all pathogen/pest proteins and small 
molecules that alter host-cell structure and function)). Nematode effectors con¬ 
sist of proteins and other molecules secreted by parasites to facilitate penetrati¬ 
on and migration in the plant root, to prevent or counteract plant defense respon¬ 
se, and to initiate or maintain the development of NFS (Gheysen, Mitchum, 
2011; Haegeman et al., 2012; Rosso et al., 2012; Hewezi, Baum, 2013; Mitc¬ 
hum et al., 2013). Effectors from the nematode are the primary signals at the 
host interface; they are considered to contain nematode pathogenicity factors 
(Davis et al., 2000, Davis et al., 2004; Vanholme et al., 2004; Chen et al., 2005; 
Baum et al., 2007; Davis et al., 2008; Patel et al., 2010; Hewezi, Baum, 2013). 

Particular attention in the research of phytonematode effector proteins was 
focused on cloning and characterization of nematode parasitism genes that en¬ 
coded parasitism effector proteins produced by the pharyngeal glands (dorsal, 
DG and subventral, SVGs) and ejected through the nematode’s stylet. In additi¬ 
on, putative effector proteins may be produced in the amphids, two chemosen- 
sory organs on the head of the nematode; cuticle surface coat may also contain 
these proteins. The genes of effector proteins («parasitomes») are called «para- 
sitism genes» (Davis et al., 2000, 2004; Greenbaum et al., 2001). To date, over 
100 parasitism genes have been cloned, and the host targets and functions of se¬ 
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Some effectors secreted by plant-parasitic nematodes 


Compound 

Nematode species 

Organisms with homo¬ 
logous products 

Possible function 

References 

1—4 endonucleases 
(cellulases) 

Globodera rostochiensis , G. 
pallida , G. tabacum, Hetero- 
dera glycines , H. schachtii, 
Meloidogyne incognita 

Bacteria 

Cell wall degradation (CWD) 

Goellner et al., 2000; Smant et 
al., 1998; de Muetter et ah, 
2001; Rosso et al, 1999; Yan 
et ah, 2001; Gao et ah, 2002 

Pectate lyase 

M. javanica, M. incognita, G. ros¬ 
tochiensis, H. glycines 

Bacteria 
and fungi 

CWD 

Doyle, Lambert, 2002; De Boer 
et ah, 2002; Popeijus et ah, 
2000 

Polygalacturonase 

M. incognita 

Bacteria 

CWD 

Jaubert et ah, 2002a 

Chorismate mutase 

H. glycines, M. javanica, M. in¬ 
cognita, G. rostochiensis 

Bacteria 

Auxin balance regulation, for¬ 
mation of feeding cells, hor¬ 
mone and/or defense 

Doyle, Lambert, 2003; Bekal et 
ah, 2003; Popeijus et ah, 2000 

Thyroxidin peroxidase 

G. rostochiensis 

Animal parasite 
nematodes 

Peroxide destruction, protection 
against host 

Robertson et ah, 2000 

Allergen — 
like proteins 

M incognita, H. glycines 

C. elegans 

Early parasitism? 

Ding et ah, 2000; Gao et ah, 
2001 

Calreticulin 

M. incognita 

Animal parasite 
nematodes 

Regulate a wide variety of physi¬ 
ological and developmental 
processes 

Jaubert et ah, 2002b; Jaoannet et 
ah, 2013 

Chitinase 

H. glycines 

C. elegans 

Unknown 

Gao et ah, 2002 

(CLE)-like proteins 

Globodera spp., Heterodera spp., 
Meloidogyne spp. 

Plants 

CLEs is involved in promoting 
the differentiation of stems 
cells in shoot and root meris- 
tems 

Guo et ah, 2011; Huang et ah, 
2006 

Cellulose binding 

M. incognita, //. schachtii, 

Plants, Bacteria, 

Cell wall modification 

Ding et ah, 1998; Gao et ah. 

protein (CBP) 

H. glycines 

Fungus 


2003; Hewezi et ah, 2008 

Expansin 

G. rostochiensis 

Plants 

Induced plant hormones 

Qin et ah, 2004 

Annexins 

H. glycines, H. schachtii 

Plants, Animals 

Suppression of basal defense res¬ 
ponses to promote compatibili¬ 
ty 

Protection against plant defense 
response 

Gao et ah, 2003; Fioretti et ah. 
2002 

Fatty acid and retinol 
binding protein 

Globodera pallida 

Plants, Animals 

Prior et ah, 2001 

Glutathione peroxidase 

Globodera rostochiensis 

Plants, Animals 

Protection against plant defense 
response 

Jones et ah, 2004 
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veral of the secreted effector proteins have been 
elucidated. Chemicals secreted by nematodes are 
listed in the table. 

The SVGs are the key producers of plant cell 
wall modifying proteins that facilitate migration 
of the nematode through plant tissues. The secre¬ 
ted protein mixture consists of a variety of enzy¬ 
mes that degrade cellulose, hemi-cellulose or 
pectin and proteins that bind cell wall compo¬ 
nents to enable or accelerate the digestion process 
(e. g. cellulose binding proteins) and expansins 
(Hussy, 1989; Davis et al., 2000; Gao et al., 2002; 
Gao et al., 2003; Zinovieva et al., 2004; Qin et al., 
2004, Hewezi et al., 2008). The cell wall degra¬ 
ding enzymes (CWDEs) differ from those obser¬ 
ved in other animals. According to the gene data¬ 
bases, CWDEs are presumably acquired through 
horizontal gene transfer (HGT) from bacteria 
(Smant et al., 1998; Yan et al., 1998; Scholl et al., 
2003; Jones et al., 2005; Mitreva et al., 2009; 
Danchin et al., 2010). 

The strategy of sedentary PPNs appears to in¬ 
volve the alteration of endogenous plant cell mec¬ 
hanisms accomplished by suite of effector prote¬ 
ins. The studies have provided a new insight onto 
potential functions of a number of effectors, 
enabling nematode’s ability to modulate plant 
stress and defense responses to establish HPS 
compatibility. Various effectors that affect plant 
stress and defense responses have been actually 
characterized (Smant, Jones, 2011; Quentin, 
2013). Annexins are calcium and phospholipid 
binding proteins involved in a variety of cellular 
and physiological processes associated with abio¬ 
tic stress responses in plants (Jaubert et al., 
2002a, b). Hsl0A06 effector targets Arabidopsis 
spermidine synthase 2. Plants overproducing 
Hsl 0A06 are more susceptible to CNs and to bac¬ 
terial and viral pathogens and produce smaller 
amounts of pathogenesis-related (PR) proteins. 
Hsl0A06 acts on salicylic acid signaling and on 
the antioxidant machinery, thereby protecting ne¬ 
matodes against plant defense responses (Hewezi 
et al., 2010). Similarly, the Hs4F01 annexin-like 
effector is secreted into the cytosol (Patel et al., 
2010), where it interacts with an oxidoreductase 
of the 20G-Fe(II) oxygenase family to prevent 
the triggering of host defense. Another CN effec¬ 
tor, Hg30C02, interacts physically with a plant 
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a-l,3-endoglucanase, a potential PR protein, and may thus be involved in defen¬ 
se suppression (Hamamouch et al., 2012). 

An intriguing parasitic tactics employed by nematodes to accomplish this re¬ 
programming is the molecular mimicry of host proteins. Nematode secreted ubi- 
quitin extension proteins may alter cellular proteins degradation pathways or act 
as signaling molecules (Tytgat et al., 2004). 

Nematodes have been shown to mimic endogenous host plant proteins by 
secreting chorismate mutase, expansin-like proteins, CLAVATA3/ESR (CLE)- 
like proteins, and annexins (Curtis et al., 2011; Replogle et al., 2011). Identificati¬ 
on of functional expansin-like enzymes (that break non-covalent linkages betwe¬ 
en cellulose chains) and CLE-like proteins impart nematodes with the unique abili¬ 
ty to manipulate host developmental programs directly (reviewed in Curtis, 2007a). 
CLEs are a class of plant peptide hormones that regulate a wide variety of physi¬ 
ological and developmental processes. For example, a subset of CLEs is involved 
in promoting the differentiation of stem cells in shoot and root meristems (Cur¬ 
tis, 2007b). The remarkable sequence and functional similarity between plant 
and cyst nematode CLEs suggests a potential role of nematode CLE mimics in 
repressing cell proliferation to promote differentiation. This is consistent with the 
observation that the syncytium development resembles the xylem differentiation. 

Gene 16D10 was also isolated from subventral pharyngeal glands (SVGs) of 
Meloidogyne incognita. The secretory peptide of 16D10 gene significantly sti¬ 
mulates host root proliferation with normal differentiation. This bioactive RKN 
peptide directly interacts with plant SCARECROW-like (SCL) transcription 
factors that, presumably, have important roles in plant growth and development 
(Huang et al., 2006). 

Furthermore, both CNs and RKNs secretory proteins are homologous to 
plant chorismate mutases (Bekal et al., 2003; Jones et al., 2003; Huang et al., 
2005; Vanholme et al., 2009). The nematode chorismate mutases affect the 
plant shikimate pathway, thereby decreasing the synthesis of salicylic acid and 
phytoalexin through competition with chorismate and preventing triggering of 
the host defense. The overexpression of nematode chorismate mutases in plant a 
alters root; it has been suggested that these effectors affect the auxin pool within 
host cells (Doyle, Lambert, 2003; Huang et al., 2005). 

The recently characterized M incognita effector Mi8D05 affects different 
function of plant cells (Xue et al., 2013). This effector has been shown to inte¬ 
ract with a plant tonoplast aquaporin intrinsic protein (TIP2), suggesting a role 
in the regulation of solute and water transport within giant cells, thus promoting 
giant cell enlargement and nematode feeding (Quentin et al., 2013). 

It remains unclear, how the secretion of specific effectors triggers the infecti¬ 
on process in different host tissues and cells. Some effectors (e. g. endoglucana- 
ses (ENGs)) are distinctly secreted into the apoplast during nematode intra- or 
intercellular migration in the root (Rosso et al.,1999, 2011; Vieira et al., 2011), 
whereas other effectors interact directly with specific cytoplasmic proteins (He- 
wezi, Baum, 2013). Recent studies have shown that some effectors contain nuc¬ 
lear localization signals (NLSs) that mediate protein targeting to the nucleus 
(Elling et al., 2007; Tytgat et al., 2004). Bioinformatics analyses of predicted ef¬ 
fectors have revealed the presence of NLSs in several secreted proteins from 
both CNs (Gao et al., 2003; Elling et al., 2007) and RKNs (Huang et al., 2003; 
Roze et al., 2008). Immunostainings demonstrated that MiEFFl is produced in 
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the dorsal pharyngeal gland of the nematode and is ejected through the stylet 
into the giant cells where it is transported into nuclei (Jaouannet et al., 2012). 
Hewezi and Baum (2013) have suggested that the CN effectors recruit proteins 
involved in nucleocytoplasmic transport and nuclear dynamics during the infec¬ 
tion. The manipulation of host cell processes, such as the cell cycle, gene exp¬ 
ression, and immunity, involves the targeting of the host nucleus by the nemato¬ 
de secreted effectors (Quentin, et al., 2013). 

The cuticle surface coat (SC) of the J2 of plant-parasitic nematodes is consi¬ 
dered to be involved in interactions with the host plant. Materials present in the 
nematode SC mask the nematode surface, thus playing a role in suppression or 
modulation of the host defense response. In G. '.pallida, Gp-FAR-1, a secreted li¬ 
pid binding protein of the J2 SC binds a wide range of fatty acids including lino- 
leic and linolenic acids (Prior et al., 2001). These fatty acids are metabolized by 
lipoxygenase as a part of the signaling pathway leading to the production ofjas- 
monic acid which inhibits nematode development in vitro (Zinovieva et al., 
2013). A range of enzymes that may neutralize active oxygen species produced 
by the host have been described from the nematode surface. A peroxiredoxin 
(thioredoxin peroxidase) secreted in great quantities by the surface of the potato 
cyst nematode G. rostochiensis was found to catalyze the breakdown of hydro¬ 
gen peroxide but, unlike most proteins of this type, did not metabolize larger li¬ 
pid hydroperoxides (Robertson et al., 2000). Genome sequencing projects for 
M incoginta and M hapla (Abad et al., 2008; Opperman et al., 2008) demonst¬ 
rated that similar proteins were also present in RKNs (Curtis et al., 2011). 

Phytohormones such as auxin and cytokinin, as well as other molecules, are 
present in root diffusates; they act as the signal molecules to prepare J2 oiMelo- 
idogyne sp. for root infection by inducing changes in the nematode SC and ne¬ 
matode behavior which is essential for the host infection (Wubben et al., 2001; 
Ithal et. al., 2007). This significant increase in the lipophilicity of the nematode 
SC might play an important role in altering the permeability barrier of the nema¬ 
tode cuticle and, therefore, control the uptake of water, ions and lipids in the ne¬ 
matode, which are important in the cell signaling pathways (Geldner, 2001). 

Two bilaterally symmetrical amphids in the nematode head are the main ne¬ 
matode chemosensory organs involved in host-recognition processes. Nemato¬ 
des rely on chemoreception to find a host in soil. When a root is encountered, its 
surface is explored for a suitable penetration site. Chemoreception might also be 
involved in helping nematodes define the suitable root tip cells to initiate their 
NFS. The secretions released from nematode amphids participate in the formati¬ 
on of the feeding plug, sealing an orifice of the nematode stylet insertion into 
the root cell. A putative avirulence gene of the RKN encodes the secreted amp- 
hidial protein (Smant et al., 1998). 

Three categories of plant genes are involved in host resistance response to 
nematode invasion: (1) genes inducing plant defense; (2) stress-related genes, 
and (3) genes involved in nematode feeding, including formations of syncytium 
or giant cells. Most of these genes are induced in both compatible and incompa¬ 
tible HPRs, albeit with differences in their expression levels and timing. Parasi¬ 
tism proteins in nematode-plant interactions may function as extracellular or in¬ 
tracellular ligands or signal transduction components; they may be transported 
into the nucleus, or they may affect cytoplasmic components; all the actions co¬ 
uld modify the recipient plant cell. 
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HOST’S MOLECULAR RESPONSES 


Targets of nematode effectors suggest their differential roles in host cell 
transcriptional, developmental, and metabolic reprogramming, protein degrada¬ 
tion, and phytohormone transport and accumulation (Fuller et al., 2008; Ghey- 
sen, Mitchum, 2011; Haegeman et al., 2012; Hewezi and Baum, 2013). Some 
nematode molecules may be recognized by receptors in host cells and can play 
the role of initial signals to trigger plant resistance response. Plants have devised 
sophisticated and multi-faceted defense mechanisms. There are, in essence, two 
branches of the plant immune system. The older one, the basic immunity, is trig¬ 
gered by pathogen-associated molecular patterns (PAMP- or MAMP triggered 
immunity, PTI); the second one, the effector-triggered immunity (ETI), relies 
on resistance (R) proteins. 

A comprehensive view of the multifaceted interactions between plants and 
pathogens is illustrated by the «zigzag» model assumed by Jones and Dangl 
(2006). This model proposes that the first line of active plant defense is formed 
by pattern recognition receptors (PRRs). These are cell surface receptors that re¬ 
cognize PAMPs and initiate an array of basal defense responses, PTI. To date 
little is known about nematode molecules acting as PAMPs in plants. A recent 
paper reported a PAMP triggered immune response to derivatives of chitins, 
suggesting that cuticular substances of PPNs and secreted proteins and products 
of cell wall degradation may act as PAMPs. Transcriptomic analysis has shown 
that a massive down-regulation of genes involved in plant defense is associated 
with the early stages of plant—nematode interaction (Jammes et al., 2005; Bar- 
cala et al., 2010; Damiani et al., 2012). 

Successful pathogens are able to overcome PTI by means of secreted effectors 
that suppress PTI responses, resulting in effector-triggered susceptibility. During 
evolution, plants have responded to these effectors through the development of 
cytoplasmic R proteins that recognize the presence or activity of single effectors. 

The R-gene products can be categorized into two main classes based on con¬ 
served structural features (Dangl, Jones, 2001; Chisholm et al., 2006). The lar¬ 
gest class of R proteins (called the NBS-LRR class of R proteins) possesses the 
central nucleotide-binding site (NBS) domain in addition to a leucine-rich repe¬ 
at (LRR). The second major class of R-genes encodes extracellular LRR 
(eLRR) proteins. These R proteins activate effector-triggered immunity (ETI). 
Several major resistance genes encoding ETI receptors with recognition specifi¬ 
city to populations of biotrophic nematodes have been found in a wide range of 
crops and only eight nematode R-genes have been cloned and demonstrated to 
confer resistance to RKNs or CNs (Kaloshian et al., 2011). 

As a result of the selection pressure, the pathogens evolved that have either lost 
or altered the effector recognized by the host or that have gained novel effectors 
to suppress the ETI response. In its turn, new plant receptors evolved that either 
recognized the obvious effectors or the newly acquired effectors, resulting again 
in ETI. This coevolution proceeds, with continuous selection for novel pathogen 
isolates that overcome ETI and new plant genotypes that resurrect ETI. 

In accordance with the «zigzag» model, plant pathologists discriminate two 
phases of plant immunity: PTI triggered by PAMPs and ETI triggered by effec¬ 
tors, with the paradigm that activated immune responses in ETI occur quicker 
and are more prolonged and more robust than those in PTI (Jones, Dangl, 2006). 
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The avirulence gene product is expected to be co-localized with the R-gene 
product. The structure of Gpa2 and Mi-1 suggests that these proteins are locali¬ 
zed in the cytoplasm of the plant cell. Hence, nematode secretions that are injec¬ 
ted into the nurse cell might interact with this class of R-genes. In case of Rhgl, 
Rhg4, and Hslprol, the LRR domain is predicted to be localized in the extracel¬ 
lular space. Therefore, the putative Avr-products from nematodes most probab¬ 
ly originate from the nematode SC, the amphids, or the pharyngeal SVGs. 

Plants have evolved resistance proteins that can recognize, either directly or 
indirectly, pathogen effectors, and induce effector-triggered immunity (ETI) 
(Jones, Dangl, 2006). However, very few nematode avirulence effectors have 
been identified (Smant, Jones, 2011). Recently, the genomes of two near isoge¬ 
nic virulent and avirulent lines of Meloidogyne incognita were analyzed using 
AFLP. One of the polymorphic fragments present in the virulent line and absent 
in the avirulent line, map-1 encodes a secretory protein that is produced by the 
amphids (Semblat et al., 2001). A more complete example of a nematode effec¬ 
tor linked to ETI is the Gp-RBP-1 SPRYSEC gene from Globodera pallida 
(Sacco et al., 2009). Transient co-expression of Gp-RBP-1 and the nematode re¬ 
sistance gene Gpa-2, which encodes a CC-NB-LRR type immune receptor, in 
leaf tissues induces a specific hypersensitive response (HR), making this effec¬ 
tor the likely cause of avirulence in nematode populations. Interestingly, 
Gp-RBP-1 variants capable of inducing a Gpa-2 dependent HR have been found 
in virulent nematode populations, suggesting that these virulent nematodes have 
evolved other effectors that suppress Gpa-2 mediated ETI. 

However, accumulating evidence indicates that the separation between 
PAMPs and effectors, and between PRRs and R-proteins, and thus also between 
PTI and ETI, cannot be maintained strictly. Rather, there is a continuum betwe¬ 
en PTI and ETI (Hewezi, Baum, 2013). 

If an HR is induced in cells adjacent to the migratory track, it is likely that the 
invading nematode is recognized at an early stage of the infection process. If, 
however, the nurse cell development is arrested in a resistant plant, recognition 
of the nematode could occur at a later stage. During invasion, close contact oc¬ 
curs between plant cells and the nematode SC. In addition, secretions are relea¬ 
sed by the amphids, sense organs involved in chemotaxis. Salivary proteins are 
secreted both for enzymatic degradation of cell walls during migration and for 
the induction of the nurse cell. 

In resistant plants, the feeding cell initiation and development are arrested, 
resulting in the nematode starvation. Two major types of resistance responses 
can be distinguished based on extensive microscopic observations of several in¬ 
compatible plant-nematode interactions (Tomczak et al., 2009). The first type is 
associated with programmed cell death, a response which is referred to as the 
hypersensitive response (HR), and systemic acquired resistance (SAR) in the 
host. The HR is accompanied by an oxidative burst resulting in the production 
of hydrogen peroxide H 2 0 2 (Waetzig et al., 1999) and the accumulation of phe- 
nylpropanoid compounds (Robinson et al., 1988). 

The second type blocks the development of the host nurse cell at the late in¬ 
fection stage. By contrast, the late resistance response is characterized by the 
degeneration of the NFS around two weeks post infection and the absence of 
HR. This resistance mechanism has been observed in a wide range of incompa¬ 
tible plant—nematode interactions. Initially, no distinct differences can be ob- 


121 


served between the compatible and the incompatible interaction. The nematode 
is able to establish a functional NFS enabling the development of males and fe¬ 
males. In later stages, however, differences in morphology of feeding cells are 
observed. In resistant plants, the proliferation of the nurse cell is arrested resul¬ 
ting in less dense cytoplasm and more vacuoles compared to nurse cells induced 
in a susceptible plant. Moreover, it is often observed that the connection betwe¬ 
en the nurse cell and the vascular tissue is less pronounced. These features indi¬ 
cate that the metabolic activity of the nurse cell is reduced as a result of the re¬ 
sistance response. Finally, cells adjacent to the NFS become necrotic; this ne¬ 
crosis is followed by the degradation of the nurse cell itself These resistance 
mechanisms result in the limitation of nutrients at the late stage of nematode de¬ 
velopment, after sex determination. In the case of the slow defense response, ne¬ 
matode females in plants are relatively numerous. However, food supply is in¬ 
sufficient, resulting in the arrestment of female development and reproduction. 
Defense responses include the production of toxic oxygen radicals and systemic 
signaling compounds as well as the activation of defense genes that lead to the 
production of structural barriers or other toxins (Robinson et al., 1988). 

Genes encoding direct defense proteins that are activated, include peroxida¬ 
se, chitinase, lipoxygenase, extensin and proteinase inhibitors. Genes that enco¬ 
de enzymes in pathways that result in the synthesis of other defense compounds 
are also activated during plant defense responses. For example, genes encoding 
enzymes that lead to the synthesis of phytoalexins or deposition of physical bar¬ 
riers such as callose and lignin are induced at the early phases of the nematode 
infection process (Gheysen, Jones, 2006). 


BIOCHEMICAL FACTORS OF PLANT RESISTANCE 
TO PARASITIC NEMATODES 

Chemicals involved in plant responses to pest infections are classified into 
phytoanticipins and phytoalexins. The first are low-molecular anti-microbial 
substances being present in a plant prior to infection, or produced from earlier 
precursors; the latter are low-molecular anti-microbial substances being synthe¬ 
sized and accumulated in plants de novo (Zinovieva et al., 2004). 

Phytoanticipins, represented by phenols, terpenoids, glycosides and several 
other compounds of plant specialized metabolism are related to constitutional 
compounds in plant tissues which are considered to be responsible for plant re¬ 
sistance to nematodes. In infested plants, the production of these compounds in¬ 
creases, especially in the resistant varieties. 

Phytoalexins (PhA) are low-molecular anti-microbial compounds synthesi¬ 
zed and accumulated in plants de novo. PhA have been found and described hit¬ 
herto only in plant species belonging to families Fabaceae, Malvaceae, Solana- 
ceae, and Musaceae. For a long time PhA were considered as the main compart¬ 
ments of plant resistance mechanisms. Later, however, aside from PhA, other 
active protective proteins, proteinase inhibitors, and active oxygen species, ac¬ 
ting in other types of immune responses, have been revealed. 

PR proteins (pathogenesis-related proteins) formation is one of the main 
plant protective reactions. In healthy plants, PR-proteins are present only in 
small amounts. 
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Proteinase inhibitors (PI) fulfill a number of functions in plants serving as a 
part of the protective system. The inhibition of proteolytic reactions may lead to 
violation of parasite ability to digest plant proteins and, consequently, inhibit 
the nematode growth and development. 

Food factors. Plant resistance may be associated with availability of compo¬ 
unds which are necessary for PPNs but not synthesized in them. The amino 
acids: lysine, leucine, methionine, phenylalanine, histidine and tryptophane, are 
especially indispensable. 

The plant defense response leads to elimination of substances necessary for 
parasites. Sterols are of particular importance. Nematodes are unable to synthe¬ 
size them and use the plant hosts’ sterols. As response to the infection in the sys¬ 
tem «tomatoes — RKN Meloidogyne incogiiita », the sterols’ level increases af¬ 
ter infection only in susceptible varieties, and decreases in the resistant ones (Zi¬ 
novieva et ah, 1990). 


CONCLUSIONS 

PPNs possess structural adaptations to parasitic mode of life in plant tissues. 
These adaptations include formation of the stylet for penetration of plant cell 
walls, and pharyngeal glands (dorsal and subventral) and amphids, which relea¬ 
se secretions into plant tissues. Secretions of pharyngeal glands play the key 
role in HPRs. Substances injected by nematodes may, in many cases, bind to re¬ 
ceptors of plant cells and affect (via plant signaling systems) the expression of 
genes that determine plant response, thereby acting as inducers or elicitors of 
defense reactions. Elicitors act as signals that activate the intricate chain of pro¬ 
cesses inducing and regulating plant responses. In resistant plants, the nurse cell 
initiation and its development are arrested, resulting in starvation of the nemato¬ 
de. Defense responses include the production of toxic oxygen radicals and sys¬ 
temic signaling compounds as well as the activation of defense genes that lead 
to the production of structural barriers or other toxins. Adaptive responses of 
plants to nematode infections vary depending on the level of nematode adaptati¬ 
on to parasitism. In research on relationships of migratory and sedentary nema¬ 
todes, parasitizing certain Solanaceae plants (potatoes and tomatoes) it has been 
shown, that the plant host is capable to react adequately to the specific parasite 
influence (Zinovieva, 1986). The migratory parasites move through root tissues, 
causing extensive cellular necrosis; plant responses are expressed in producing 
of substances (phenols and steroid glycosides) limiting nematode dissemination 
inside host tissues. 

Completely different strategy of plant resistance is observed when plant 
hosts are affected by the sedentary nematodes, the most evolutionary advanced 
group of PPNs. They have developed adaptive strategies associated with the 
transformation of normal plant root cells into metabolically active ones, which 
ensure nematode feeding requirements. These immobile gall-dwelling nemato¬ 
des significantly affect plants chemically and consuming nutrients. The plant 
defense mechanisms are expressed not only in the protein inhibition but also in 
the formation of the «hungry area» surrounding the NFS. 

PPNs do not synthesize sterols which they need for development and patho¬ 
genicity. The plant response is associated with the decrease in quantitative and 
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qualitative sterol contents (Zinovieva et al.,1990). Reduction of sterols in plant 
roots is associated with accumulation of sesquiterpene phytoalexins, rishitine, 
and lubimine, that have a common biosynthetic pathway with sterols (see figu¬ 
re). It is suggested that terpene biogenesis has switched from a healthy plant ste¬ 
rol formation pathway, to the formation of highly toxic phytoalexins. As a re¬ 
sult, the parasite loses necessary nutrients for its development and simultaneo¬ 
usly the nematode is affected by plant phytoalexins. Changes in the biosynthesis 
pathway, leading to the formation of the new molecule type, are regarded as the 
most complex biochemical adaptations in terms of evolution (Hochachka, So- 
mero, 2002). 

Mutual adaptations (co-adaptations) are revealed in the «nematode — plant» 
system. The parasite species has developed its morphological and biological 
adaptations to infect the host and induce the NFS, whereas the host develops its 
defense responses at the organism, tissue and cell levels. Relationships in the 
HPS have various finals. The strong host resistance response leads to the death 
of the parasite. If the parasite possesses the high biochemical pathogenic adap¬ 
tations and protective mechanisms of the plant are insufficient, the disease de¬ 
velops which can lead to plant host death. If the HPRs are rather balanced, it le¬ 
ads to smoothing of the antagonistic relations and the formation of the equilibri¬ 
um HPS. 
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